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Abstract 


The  purpose  of  this  investigation  is  to  develop  components  for  oversized 
waveguide  configurations  for  which  a/X  and  b/X  are  in  the  range  of  1.5  -  2.25 
for  the  mode  in  rectangular'  waveguide  and  where  D/X  is  at  least  1.7  for  the 
mode  in  circular  i.aveguide.  The  components  considered  shall  Include  E- 
and  H-plane  bends,  tsode  absorbers,  3  db  directional  couplers,  pressure  windows, 
resonant  rings  and  rotary  joints.  Where  necessary,  the  theoretical  and  com¬ 
puter  studies  shall  be  verified  before  design  data  is  finalized.  These  com¬ 
ponents  may  be  developed  through  whatever  design  concepts  are  necessary  to 
assure  high  peak  and  high  average  power. 

The  present  report  presents  experimental  results  at  X-band  for  -3  db 
multi-hole  side  wall  directional  couplers.  These  couplers  employ  tapers  along 
the  coupling  region  to  reduce  the  waveguide  width  from  2.800”  to  2.050".  The 
reduction  in  width  is  necessary  in  order  to  increase  the  coupling  per  unit 
length.  In  this  way  a  -3  db  coupler  having  a  length  equal  to  45"  can  be  ob¬ 
tained.  A  method  is  described  for  cancelling  the  mode  conversion  caused  by  the 
tapers  by  means  of  metal  and  dielectric  wedges  placed  on  the  side  walls. 

Experimental  results  are  presented  for  an  X-band  mode  absorber  in  which 
the  TEjq  mode  in  the  2.800"  wide  oversized  waveguide  is  coupled  to  0.933"  wide 
waveguide  by  means  of  side  wall  slots.  Experimental  results  are  also  presented 
for  a  mode  absorber  for  the  TE  ,  TM  degenerate  mode  pairs.  In  this  ccse  a 
length  of  waveguide  having  an  hexagonal  cross  section  is  employed  to  remove  the 
degeneracy .  . 
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1.0  INTRODUCTION 


The  purpose  of  this  program  is  the  development  of  components  for  over¬ 
sized  waveguide  having  high  power  handling  capablllcy.  Components  for  both 
rectangular  and  circular  waveguides  will  be  considered;  however,  emphasis 
will  be  placed  on  rectangular  waveguide  components.  Both  waveguide  dimensions 
for  the  rectangular  waveguide  components  will  range  between  1.5  to  2.25  free 
space  wavelengths,  and  the  diameter  of  the  circular  waveguide  components  will 
be  at  least  1.7  free  space  wavelengths.  The  design  objective  Is  to  develop 
components  capable  of  carrying  5  megawatts  of  pei  k  power  and  100  kilowatts  of 
average  power,  and  which  can  operate  over  at  least  a  5%  bandwidth  at  X  band, 
with  spurious  mode  levels  below  -20db. 

Highest  priority  will  be  given  to  the  development  of  a  -3  db  multi-hole 
directional  coupler,  mode  absorbers,  resonant  rings,  and  pressure  windows. 
E-plane  bends,  quasi-optic  couplers,  transducers  from  the  rectangular  waveguide 
TE^q  mode  to  the  circular  waveguide  TE^^  mode,  non-hybrid  power  dividers,  and 
E-plans  bends  will  also  receive  attention. 
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2.0  MOLTl'HOLE  SIDE  WALL  DIRECTIONAL  COUPLERS  IN  OVERSIZED  RECTANGULAR  WAVEGUIDES 

In  Reference  2  the  problem  of  obtaining  the  relatively  large  values  of  coupling 
per  unit  length  required  for  a  -  3  db  coupler  of  reasonable  length  (44")  was 
considered.  One  approach  Investigated  was  the  use  of  hole  spacings  of  the  order 
of  3X/4.  It  had  been  hoped  that  such  spacings  would  allow  the  use  of  large  aper¬ 
tures,  and  would  result  in  high  values  of  coupling  per  unit  length  along  with 
high  directivity.  Theoretical  and  experimenttil  results  were  presented,  however, 
which  showed  that  the  spacings  of  the  coupling  holes  must  be  less  than  X/2  in 
order  to  prevent  resonances  in  the  coupling  characteristics,  associated  with 
the  formation  of  "grating  waves'. 

A  second  approach  which  was  Investigated  was  to  decrease  the  waveguide 
width  from  2.800"  to  2.050"  in  ordc-.r  to  obtain  greater  coupling  per  unit  length 
for  a  given  hole  size  and  spacing.  Experimental  results  for  this  approach  are 
presented  in  the  following  sections. 
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2.1  EXPERIMENTAL  RESULTS  WITH  WIDTH  REDUCTION  TAPERS 

A  design  for  a  22"  variable  curvature  taper  for  reducing  the  waveguide 
width  from  2.800"  to  2.0S0"  was  described  in  Section  ?.43  of  Reference  2.  In 
the  past  period  fabrication  and  testing  of  this  taper  were  completed.  Figure  2.1 
shows  the  measured  values  of  the  spurious  mode  voltages  for  the  taper  alone. 

These  data  were  obtained  using  the  directional  coupler  test  assembly  shown  in 
Figures  2.1Sa  and  b  of  Reference  2.  In  this  case  a  pair  of  the  22"  tapers  were 
assembled  along  one  of  the  side  walls  and  the  comoon  side  wall  normally  con¬ 
taining  the  coupling  apertures  was  replaced  by  a  solid  conducting  wall.  It  is 
seen  that  the  measured  values  of  the  spurious  mode  voltages  for  the  two  tapers 
in  cascade  are  unexpectedly  high.  The  theoretical  value'  for  a  single  taper 
had  been  estimated  to  be  less  than  -  30  db.  (See  Section  2.43  of  Reference  2.) 


Figure  2.2  shows  measurad  values  of  the  spurious  mode  voltages  in  Port  3 
(the  coupled  port)  for  a  -  3.4  db  (at  9.0GHz)  directional  coupler  employing 
the  variable  curvature  taper  and  a  constant  hole  spacing  d  ■■  0 . 600"|  constant 
strip  widths  W  ■  0.050"  and  constant  strip  thickness  t  ■  0.100".  These 
relatively  poor  results  were  attributed  to  a  poor  distribution  function  for  the 
coupling  along  the  coupling  region.  Since  constant  strip  widths  and  spacings 
were  employed,  the  distribution  of  the  coupling  wao  determined  solely  by  the 
variation  of  the  waveguide  width  along  the  coupling  region. 


Calculations  were  performed  to  determine  how  the  strip  widths  should  be 
varied  along  the  coupling  region  in  order  to  obtain  a  desirable  distribution 
function  for  the  coupling.  It  was  found  that  with  the  variable  curvature  tapers, 
a  satisfactory  distribution  of  the  coupling  could  not  be  obtained  as  a  result  of 
the  relatively  rapid  decrease  of  waveguide  width  in  the  region  near  the  center  of 
the  coupler.  In  this  region  the  coupling  is  not  required  to  change  very  rapidly 
in  the  case  of  typical  desirable  coupling  distributions  that  may  be  employed. 
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Experiments  were  also  carried  out  with  s'.^ight  tapers  as  shown  in  Figure  2.3. 
Figure  2 A  shows  spurious  mode  voltages  meas.^»-d  for  a  pair  of  straight  tapers  each 
having  a  length  T  ■  10.112"  separated  by  a  s--raight  section  having  width  ■  2.050" 
and  length  S  ■  23.776".  It  is  seen  that  the  spurious  mode  voltages  generated  by 
these  tapers  alone  is  below  -25  db  in  a  narrow  frequency  band  centered  near  8.7GHz. 
Figures  2.5  and  2.6  show  the  spurious  mode  voltages  for  a  -2.5  db  (at  9.0Gllz) 
directional  coupler  employing  these  tapers.  In  this  case  a  UU"  uniform  grating 
having  W  ■  0.075,  t  ■  0.100"  and  d  ■  0.600"  was  employed.  It  is  seen  that  the 
values  of  the  spurious  mode  voltages  measured  for  the  directional  coupler  are 
somewhat  higher  than  the  values  measured  with  the  taper  alone. 

Figures  2.7  and  2.8  show  the  measured  spurious  mode  voltages  for  a  -2.7  db 

(at  9.0GHz)  directional  coupler  employing  the  same  straight  tapers  as  described 

above,  but  with  a  tapered  hole  distribution  designed  to  produce  a  coupling  dls- 
102  * 

tribution,  k(z)  given  by  0.0121  sin  —  +  0.0026,  where  z  is  the  distance  meas- 
101  ^ 

ured  along  the  coupling  region  of  length  L  ■  44.6"  (75  coupling  holes).  By  com¬ 
paring  Figures  2.5  and  2.7  and  Figures  2.6  and  2.8,  it  can  be  concluded  that  the 
spurious  mode  voltages  obtained  with  the  tapered  hole  distribution  are  not  sig¬ 
nificantly  lower  than  those  obtained  with  the  uniform  hole  distribution.  It  ap¬ 
pears  that  the  principal  effect  of  the  change  in  the  coupling  distribution  has 
been  to  shift  the  frequencies  at  which  maximum  and  minimum  values  of  spurious 
mode  voltages  occur.  This  led  to  the  conclusion  that  the  discrete  discontinuities 
in  the  width  reduction  taper  were  the  principal  sources  of  mode  conversion. 

As  a  result  of  the  above  conclusion  it  was  decided  to  try  a  longer  straight 

taper.  Figure  2.9  shows  the  measured  spurious  mode  voltage  obtained  with  a  pair 

of  straight  tapers  each  of  length,  T  »  15.600"  and  separated  by  a  serction  cf 
*  102 

is  defined  as  the  coupling  between  the  modes  in  the  two  coupled 

waveguides  1  and  2. 
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straight  waveguide  of  length  S  >  15. COO".  This  coafcinatlon  of  S  and  T  reselted 
when  a  minimum  strip  width  of  9.050"  at  the  center  of  the  coupling  regioa  and 
a  monotonlc  variation  of  coupling  along  the  coupling  region  vere  specified. 

A  strip  width  of  0.050"  was  considered  the  minimum  allowable  value  as  a  result 
of  considerations  of  high  CU  power. 

The  data  in  Figure  2.9  for  the  15.600"  tapers  should  be  coapaxed  with  the 
data  shown  in  Figure  2.4  for  the  10.112"  tapers.  Both  sets  of  data  were  ob¬ 
tained  in  the  same  way.  Since  mode  conversion  for  each  discontinuity  ic  a 
straight  taper  is  inversely  proportional  to  the  taper  length*  it  bad  been 
expected  that  the  average  spurious  mode  level  with  the  15.5"  tapers  would  be 
roughly  3  db  lower  than  with  the  10.112"  tapers.  It  is  seen  that  this  ex¬ 
pectation  was  certainly  not  borne  out  in  tLe  case  of  the  ^^20 
ently,  the  spurious  mode  voltages  produced  at  the  four  discrete  taper  dis> 
continuities  in  the  15.600"  tapers  added  constructively  at  fre(|oenei«s  around 
9.1GHz  to  produce  a  -  14  db  value  for  the  ratio  TE2q/TEj^q.  The  measured  values 
for  a  -  2.7  db  (at  9.0GHz)  directional  coupler  employing  these  tapers  are  sboan 
in  Figures  2.10  and  2.11.  Inspection  of  these  data  again  leads  to  the  cosclusiom 
that  the  tapers  produce  a  major  part  of  the  mode  conversion  in  the  directional 
coupler. 

The  poor  results  obtained  with  both  the  variable  curvature  taper  and  with 
the  straight  taper  configurations  led  to  the  conclusion  that  it  would  be  dif¬ 
ficult  to  design  tapers  having  low  mode  conversion  over  reasonably  broad  fre¬ 
quency  band  widths  by  employing  several  discrete  taper  discontinuities.  In 
such  tapers  one  must  rely  on  a  cancellation  of  the  spurious  mode  voltages  from 
the  several  taper  discontinuities,  with  cancellation  being  required  in  both 
output  ports.  The  problem  of  predicting  the  frequencies  at  which  cancellattoos 
occur  is  made  difficult  by  the  fact  that  coupling  holes  affect  the  modal  pro¬ 
pagation  constants.  A  change  in  the  coupling  distribution  would  therefoxe 


*  See  Appendix  1 . 
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upset  the  taper  design,  ^nd  a  change  in  the  taper  of  course  affects  the  coupling. 

For  these  reasons  It  was  decided  to  Investigate  techniques  for  compensating 
each  of  the  discrete  taper  discontinuities  Individually  by  means  of  compensating 
devices.  By  placing  the  compensating  device  close  to  the  discontinuity  one 
should  be  able  to  achieve  low  spurious  mode  voltages  over  a  broad  frequency 
bandwidth.  Two  approaches  for  compensating  the  Individual  taper  discontinuities 
are  described  In  the  next  section. 


2.2  EXPERIMENTAL  RESULTS  WITH  CCMPENSATED  TAPERS 


Figure  2. ,12  shows  the  transmission  characteristics  of  the  coupler  whose 
predominately  ”^20  mode  conversion  characteristics  are  presented  in 

Figures  2.10  and  2.11.  The  swept  frequency  test  signal  was  fed  Into  port  1 
through  a  low  mode  converting  taper  from  WR112  waveguide  to  the  2.800"  x 
2.500"  oversized  waveguide.  The  signal  was  removed  from  the  port  under  test 
through  a  second  taper  from  oversized  to  WR112  waveguide.  The  other  ports  were 
terminated  In  multimode  loads.  This  resulted  in  some  trapping  and  resonating 
of  the  spurious  mode  energy  particularly  when  measuring  port  1  to  port  2 
transmission  characteristics  as  can  be  seen  by  the  rather  severe  spurious 
TE2Q  mode  resonance  absorption  dips  in  Figure  2.’?.  Thus  the  swept  frequency 
transmission  characteristics  of  the  coupler  were  used  as  a  qualitative  measure 
of  the  magnitude  of  the  total  spurious  mode  conversion  coefficients.  The 
purpose  of  the  compensating  devices  described  in  the  following  was  to  minimize 
the  TE^q  spurious  mode  conversion  without  excessive  excitation  of  other  spurious 
mr>des . 

Since  It  had  been  concluded  that  the  directional  coupler  width  tapers  were 
the  major  cause  of  the  excessive  TE^q  spurious  mode  levels  (see  Sect.  2.1), 
it  was  reasoned  that  a  first  order  compensation  might  be  made  by  working  with 
the  tapers  alone,  1.  e.,  with  the  coupling  hole  grating  replaced  with  a  solid 
wall.  Four  discrete  discontinuities,  consisting  of  abrupt  changes  of  side  wall 
direction  are  seen  to  exist.  The  experimental  procedure  was  simplified  by 
eliminating  the  ^^20  discontinuities  at  transverse  planes  I  and  IV  by 
canting  the  input  and  output  waveguides  through  one-half  the  ramp  angle,  8,  as 
shown  in  Figure  2.13.  This  in  effect  changes  the  input  Junctions  from  assym- 
metrlcal  H-plene  tapers  which  excite  predominantly  the  TE^q  mode  to  symmetrical 
H-plane  tapers  which  excite  predominantly  the  TE^q  mode.  With  a  15.6"  long 


dywBetrlcal  taper  the  node  generation  was  very  low. 

Eicvlng  ellainated  generation  o£  the  TE2Q  mode  at  planes  I  and  IV,  efforts 
were  concentrated  on  experimentally  compensating  the  tapers  at  planes  II  and 
III  with  dielectric  wedges.  The  use  of  dielectric  and  metal  wedges  to  com¬ 
pensate  the  TE2Q  mode  Is  discussed  In  more  detail  In  Appendix  1.  Briefly, 
however,  the  dielectric  wedge,  at  plane  II  for  example,  serves  to  slow  down  one 
side  of  the  cylindrical  phase  fronts  approaching  from  the  left  In  Figure  2.13 
so  that  they  became  more  nearly  planar  and  perpendicular  to  the  axis  of  the 
guide  when  they  are  launched  Into  the  uniform  width  section  of  guide  beyond 
plane  II.  Pledges  are  considered  a  better  approach  to  TS2Q  mode  compensation 
than  a  complete  lens  for  this  particular  application  from  the  standpoint  of 
power  handling  ability.  The  wedge  obviously  can  be  more  readily  cooled  than 
a  lens,  and  therefore  should  handle  more  average  power.  To  prove  the  feasi¬ 
bility  of  dielectric  wedge  compensation,  polystyrene  wedges  and  rectangular 
parallelepipeds  of  various  b,  h,  and  ^  dimensions  were  Inserted  at  planes  II 
and  III  and  the  swept  frequency  transmission  characteristics  were  recorded. 

The  parameters  b,  h  and  t  were  adjusted  until  the  TE2Q  spurious  mode  absorption 
resonances  were  essentially  eliminated.  This  corresponded  to  the  parameter 
coad>lnatlon:  '  ■  1",  h  ■  1/8",  1  ■  1/8". 

Once  the  tapers  alone  were  compensated  the  coupling  grating  and  the 

secondary  arm  of  the  coupler  were  Installed.  Polystyrene  wedges  identical  to 

those  In  the  primary  arm  were  Installed  In  the  secondary  arm.  Figure  2.14a 

shows  the  transmission  characteristics  with  this  first  order  compensation. 

An  improvement  was  noted  when  compared  to  Figure  2.12,  but  further  second  order 

adjustments  were  still  needed.  In  comparing  Figures  2.12  and  2.14a  It  should 

102 

be  noted  that  the  coupling  aperture  distribution  was  changed  from  >  0.0026  . 
+  0.0121  sin  ^  for  Figure  2.12  to  -  0.147  sin  ^  for  Figure  2.1^a.  This 


change  was  made  in  order  to  adjust  the  coupling  to  -  3  db  near  9.0  GHz. 

Figure  2.15  shows  the  result  of  one  second  order  adjustment.  In  this 
case  the  canted  waveguides  formerly  attached  to  ports  1  and  2  were  replaced 
with  straight  sections  and  compensation  at  planes  I  and  IV  was  made  using 
both  dielectric  and  metal  wedges.  Dielectric  wedges  were  used  on  the  side  wall 
containing  the  coupling  aperture  and  metal  wedges  were  used  on  the  exterior 
side  walls.  The  dielectric  wedge  tends  to  slow  down  the  portion  of  the  phase 
front  passing  near  It  while  the  metal  wedge  tends  to  speed  up  the  portion  of 
the  phase  front  In  Its  vicinity.  The  result  Is  that  the  wave  Is  launched  Into 
the  taper  region  with  a  tilted  plane  phase  front  which  more  nearly  approximates 
the  cylindrical  phase  fronts  characteristic  of  the  tapered  region. 

Figures  2.16  and  2.17  show  the  measured  spurious  mode  conversion  at 
ports  2  and  3,  respectively,  for  the  straight  tapered  coupler  with  all  wedge 
compensation  as  Indicated  In  Figure  2.15.  It  will  be  noted  that  the  TE^q  mode 
conversion  was  less  than  -  22  db  over  the  frequency  band  from  7.5  to  9.0  GHz. 

This  should  be  compared  to  the  value  of  -  16  db  obtained  In  the  frequency  band 
from  7.5  to  8.7  GHz  for  the  same  taper  without  compensation  (see  Figures  2.10  and 
2.11). 

Tests  were  also  performed  with  the  Input  waveguides  at  ports  1  and  2  canted 
by  an  angle  «  0/2  (Figure  2.13)  In  order  to  acompllsh  partial  compensation  at 
these  ports.  Further  compensation  was  then  obtained  with  metal  and  polystyrene 
wedges  added  at  planes  I  and  IV.  The  compensation  at  ports  3  and  4  was  not 
changed  from  that  of  Figure  2.15.  Figure  2.18  shows  the  measured  coupling  char¬ 
acteristics,  and  Figures  2.19  and  2.20  show  the  mecsured  spurious  mode  conversion 
at  ports  2  and  3,  respectively.  The  overall  results  are  substantially  the  same 
as  when  wedge  compensation  alone  was  employed  (Figure  2.15  -  2.17). 


The  results  described  above  represent  only  the  first  atteapt  at  reducing 
the  spurious  OKKle  conversion  in  the  >  3  db  directional  couplers.  It  is  be¬ 
lieved  that  aiore  refined  adjustaents  of  the  wedge  coapensators  can  result  in 
further  reductions  in  the  mode  conversion.  In  order  to  expedite  these  aore 
refined  adjustaents  aode  selective  directional  couplers  have  been  constructed. 
These  are  now  being  calibrated  and  will  be  described  in  the  next  report.  Use 
of  these  couplers  will  aake  possible  a  rapid  adjustaent  of  the  wedge  coapensa¬ 
tors  to  their  optlnua  configuration.  Thus,  the  spurious  aode  levels  at  the 
output  ports  will  be  monitored  as  a  function  of  frequency  (with  a  pen  recorder 
or  an  oscilloscope)  as  the  compensating  wedges  are  adjusted. 


i. 


_ a  ABSMBER  DE7E_. 


Previous  work  on  aode  ebsoxbers  is  described  in  Section  6  of  leference  1 
end  Section  3  of  Reference  2.  Daring  the  pest  period  this  developsKnt  «ss  con* 
tinned  end  results  ere  presented  in  the  follovlng  sections. 


3.1  HODE  ABS(»BER 

A  detailed  description  for  this  mode  absorber  is  given  in  Section  3.1  of 
Reference  2.  The  following  characteristics  were  aeasured  daring  the  past 
period: 

a.  Reflection  coefficient  for  desired  XE^^  aode  in  main  waveguide. 

b.  Coupling  froa  aode  in  aain  waveguide  to  aode  in  side  wave¬ 
guides  . 

c.  Spurious  aode  conversion  in  aain  waveguide. 

d.  Overall  insertion  loss  for  desired  TE^^q  aode  in  aain  waveguide. 

e.  The  Q  or  the  main  waveguide  for  the  aode  was  also  aeasured, 
froD  which  the  TE^q  aode  attenuation  constant  was  calculated.  This 
was  a  check  of  d.  above. 

f.  Spurious  aode  absorption  for  the  TE2q>  ^^30  ^40  *'*^^*‘ 

The  aeasured  reflection  coefficient  for  the  aode  in  the  aain  wave¬ 
guide  was  below  -  40  db  over  the  frequency  range  between  7.5  to  10  6&.  The 
aeasured  coupling  fnm  the  TE^^  aode  in  the  aain  waveguide  to  the  aode 
in  the  side  waveguides  was  below  -  45  db  in  the  frequency  range  between  7  and 
10  GHz.  This  aeasureaent  was  aade  by  aeans  of  a  12"  taper  froa  the  2.500" 

X  0.930"  side  waveguide  to  1.122"  x  0.497"  standard  waveguide. 


The  spurious  aode  conversion  in  the  aain  waveguide  was  aeasured  by  probing 
the  field on  the  top  wall  at  the  output  of  the  aode  absorber  with  a  pure 


TE..  aode  applied  at  the  input  port  of  the  aode  absorber  and  with  the  aode 


absorber  terminated  in  a  ■ultl-mode  matched  load.  The  results  of  these 
measurements  indicated  that  the  spurious  mode  conversion  was  below  -  30  db 
for  the  TE^q.  TE^  and  TE^^  modes  in  the  frequency  range  between  8  and  10.0  CTs 
except  at  9.5  GHz  where  the  measured  value  of  mode  conversion  for  the 
mode  was  -  29  db.  It  should  be  noted  that  a  mode  conversion  loss  of  -  30  db 
corresponds  to  an  insertion  loss  of  appnncimately  0.0045  db  to  the  desired 


TE 
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mode. 


The  overall  insertion  loss  for  the  Bode  in  passing  through  the 
mode  absorber  was  determined  by  simply  measuring  the  difference  in  the  trans¬ 
mission  between  a  generator  and  a  detector  with  and  without  the  mode 
absorber  inserted.  The  insert ion  loss  determined  In  this  way  was  lower  than 
0.05  db  over  the  frequency  range  between  7  and  10  GHz.  The  results  of  the  Q 
scasurewnts  indicated  that  the  TE^^  mode  attenuation  in  the  mode  absorber 
is  approximately  0.03  db.  This  should  be  compared  with  a  theoretical  value 
of  0.01  db  for  an  equal  length  of  aliminum  waveguide  having  the  same  cross 
sectional  dimensions  as  the  main  waveguide  in  the  mode  absorber.  Further 
tests  are  planned  to  determine  whether  the  0.03  db  attenuation  measured  for 
the  mode  absorber  is  caused  by  the  reduced  effective  conductivity  of  the 
slotted  side  walls.  It  should  be  noted  that  this  may  turn  out  to  be  the  case, 
since  the  side  walls  were  formed  with  brass  strips  clamped  between  aluminum 
top  and  bottom  wall  plates.  (See  Figure  3.1  of  Reference  2.) 


The  absorption  of  the  spurious  modes  was  measured  by  an  insertion  loss 
method.  The  equipment  employed  for  these  measursnents  is  shown  in  Figure  3.1. 
Spurious  modes  were  generated  at  the  abrupt  discontinuity  between  the 
1.800"  X  2.500"  and  the  2.800"  x  2.500"  oversized  waveguides.  The  absorption 
loss  was  determined  by  measuring  with  the  top  wall  probe  the  level  of  the 
spurious  modes  with  and  without  the  mode  absorber  in  place. 
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Vith  the  l.SOO**  dlaension  centered  on  the  2.800"  dlaenclon,  only  the 
TB^  sparlous  aode  is  generated  at  the  dlecontinuity.  Figure  3.2  shovs  the 
results  obtained  in  this  case.  The  quantity  ratio  of  the 

TB^  aode  voltage  to  the  code  voltage.  It  is  seen  that  the  aode  con- 
sersioo  caused  by  the  centered  H-plane  step  alone  is  relatively  Independent  of 
frequency  end  has  a  value  of  approzlaately  •  8.5  db.  The  relative  frequency 
independence  of  the  aeasured  aode  conversion  results  partly  froa  the  fact 
that  very  lea  back  scattering  in  any  aode  occurs  when  the  Junction  is  fed 
froa  the  saall  waveguide  side. 

The  TE^q  aode  absorption  is  the  difference  between  vith  and 

without  the  aode  absorber,  and  it  is  seen  that  this  is  a  decreasing  function 
of  frequency  which  has  a  value  of  6.0  db  at  approziaately  8.8  C^.  A  aode 
absorption  of  6.0  db  represents  an  absorption  of  751  of  the  incident  TB^ 
aode  power. 

The  aode  absorber  was  actually  designed  (see  Section  3.1  of  Reference  2) 
to  have  an  infinite  aode  absorption  (1001  absorption  of  the  incident 
aode  power)  at  frequencies  centered  about  9.0  GBc.  A  study  of  the  possible 
reasons  for  the  discrepancy  between  the  theoretical  and  aeasured  value  of 
node  absorption  disclosed  that  an  error  was  made  in  the  original  theoretical 
analysis.  Jiv^t  below  equation  3.2  in  Reference  2  it 'is  stated  that  the  coupling 
with  a  slot  on  each  side  wall  is  equal  to  twice  the  coupling  obtained  with  a 
single  slot.  This  stateaent  is  in  error,  because  the  coupling  with  the  two 
slots  is  actually  only  V2  tiases  the  coupling  with  a  single  slot.  Thus,  with 
the  slot  diaenslons  employed  the  total  coupling  is  less  than  the  value  re¬ 
quired  for  c(»iplete  power  transfer  between  an  incident  mode  in  the  main 
waveguide  and  thi.  modes  in  the  two  side  waveguides.  For  complete  power 
transfer  a  value  of  integrated  coupling  of  n/2  is  required.  Assuming  a  value 
of  integrated  coupling  equal  to  Instead,  one  calculates  a  value  of  -  7  db 
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for  the  aode  ebeorption,  which  agrees  reesonsbly  well  with  the  aeesured  value. 

The  aode  absorption  was  also  aeasured  for  the  end  aodes.  In 
order  to  generate  these  aodes  the  axes  of  the  1.800”  and  2.800”  waveguides 
were  offset  in  the  H-plane.  Figures  3.3,  3.4,  and  3.5  show  results  obtained 
with  a  O.SOO"  offset.  Figure  3.3  shows  that  in  this  case  the  ratio  of 
TE2c/TB^(.  is  approxlaately  -  2  db,  and  is  essentially  the  tame  with  or  without 
the  aode  absorber.  The  aode  absorption  for  the  aode  is  therefore  very 
asall.  Figure  3.4  shows  siailar  results  for  the  TE^  aode.  Note,  however, 
that  the  level  of  the  TE^^  aode  generated  by  the  step  discottlnuity  is  of  the 
order  of  -20  db.  Figure  3.5  shows  that  with  a  0.500”  offset  the  generated  TE^q’ 
aode  is  well  below  -20  db  relative  to  the  TE^^  aode.  Although  the  aode  absorp¬ 
tion  for  the  TE^q  aode  can  also  be  calculated  froa  these  data,  the  results 
would  be  auch  less  accurate  than  those  given  in  Figure  3.2. 

Figure  3.6  shows  the  levels  of  the  spurious  aodes  that  are  generated 
when  a  0.250"  offset  is  eaployed.  In  this  case  substantial  power  is  obtained 
in  all  of  the  spurious  aodes.  This  adjustment  would  be  convenient  to  use, 
because  a  single  set  of  aeasureaents  can  yield  accurate  absorption  data  for 
all  of  the  spurious  aodes. 
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3.2  KDDE  ABSORBER  FOR  THE  TE  ,  TM  DEGENERATE  MODE  PAIRS 

mn  lan 

A  theoretical  description  of  a  node  absorber  for  the  degenerate 

■ode  pairs  employing  oversized  waveguide  of  hexagonal  cross  section  was  given 
in  Section  6  of  Reference  1  and  Section  3.2  of  Reference  2.  During  the  past 
period  fabrication  of  this  mode  absorber  was  completed  and  electrical  tests 
were  carried  out. 

The  results  of  these  tests  show  t'oat  more  efficient  mode  absorption  can 
be  obtained  by  employing  unslotted  hexagonal  waveguide  in  conjunction  with 
short  lengths  of  slotted  rectangular  waveguide.  This  configuration  has  im¬ 
portant  advantages  over  the  configuration  previously  proposed  (References  1 
and  2)  which  employs  slotted  hexagonal  waveguide. 


15 


3.2.1  RECTANGULAR  TO  HEXAG(»IAL  WAVEGUIDE  TRANSITIONS 


Aluminum  mandrels  for  gradual  transitions  from  rectangular  to  hexagonal 
waveguide  are  shown  in  Figure  3.4  of  Reference  2.  The  dimensions  for  these 
transitions  are  shown  in  Figure  3.7  of  the  present  report.  Two  each  of  these 
transitions  having  lengths  equal  to  7.0"  and  10.0"  were  electroformed.  These 
are  shown  in  Figure  3.8. 

The  spurious  mode  conversion  produced  by  these  transitions  was  measured 

(4) 

using  the  Klinger  method.  Tigures  3.9  and  3.10  show  measured  values  of  the 
spurious  mode  conversion  for  single  7"  and  10"  long  transitions.  These  data 
were  obtained  by  employing  a  moveable  short  circuit  in  the  hexagonal  waveguide. 
The  short  circuit  was  of  the  non- contacting  choke  type;  the  dimensions  of 
the  chokes  were  the  same  as  for  the  rectangular  waveguide  short  circuit  shown 
in  Figure  2  cf  Reference  5.  In  making  these  measurements  the  transition  was 
fed  from  the  rectangular  waveguide  side  by  a  24"  variable  curvature  taper 
which  transformed  the  standard  size  rectangular  waveguide  (1.112"  x  0.497") 
to  the  oversized  rectangular  waveguide  (2.800"  x  2.500").  Spurious  mode  con¬ 
version  for  this  taper  has  been  measured  to  be  below  -  35  db  in  the  frequency 
range  of  interest  (see  Section  3.2  of  Reference  1). 

Inspection  of  the  data  in  Figures  3.9  and  3.10  shows  that  the  TE^2 

i»o8es  are  the  strongest  spurious  modes.  This  was  expected  from  con¬ 
siderations  based  on  the  symmetry  of  the  transition.  It  was  also  expected 
that  the  TE^^  mode  would  be  excited  by  the  transitions.  The  data  Indicate, 
however,  that  the  level  of  this  mode  is  quite  low. 

As  is  usually  done  in  the  measurement  of  spurious  mode  conversion  by  the 
Klinger  method,  the  spurious  modes  were  Identified  by  their  wavelength.  The 
T^n  form  a  degenerate  mode  pair,  each  member  of  the  pair  having 

the  same  wavelength.  For  this  reason  it  is  not  possible  to  distinguish  between 
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the  Individual  modes  of  a  degenerate  pair  In  rectangular  waveguide  by  noting 
the  positions  of  the  moveable  plunger  which  cause  resonance.  In  the  case  of 
hexagonal  waveguide,  however,  the  modes  corresponding  to  the  and 

TM  Ic  rectangular  waveguide  are  not  degenerate,  and  It  Is,  therefore,  possible 
to  distinguish  these  modes  from  one  another  by  noting  the  resonant  positions  of 
the  moveable  plunger.  For  Instance  by  extrapolating  data  calculated  under 
Contract  AF30(602)-2990  (Reference  1)  by  H.  Melnke,  one  obtains  Xc/a  1.185 
for  the  (HEX)  and  Xc/a  «*  0.75  for  the  TEj2  (HEX).  Using  these  values  for 
Xc/a,  the  hexagonal  waveguide  wavelengths' were  calculated  as  a  function  of 
frequency.  Measured  values  of  the  wavelengths  for  the  TE^^  (HEX)  and  the 
TE^2  (hex)  modes  were  found  to  agree  In  most  cases  to  within  1%  of  the  cal¬ 
culated  values. 

Figures  3.11  and  3.12  show  data  for  7"  and  10”  transitions  ter  ted  In  pairs 
with  the  hexagonal  ends  connected  together.  The  Klinger  measurement  .as  per¬ 
formed  with  a  non- contacting  choke  type  moveable  shorting  plunger  In  the 
rectangular  waveguide  following  the  second  transition.  Inspection  of  the  data 
In  Figures  3.11  and  3.12  shows  that  the  TE^2  ^^2  strongest  spurious 

modes  when  the  transitions  are  tested  In  pairs;  this  was  also  the  case  for  the 
single  transitions.  When  test<!d  In  pairs,  the  TE^2  spurious  modes  generated 
by  each  of  the  transitions  appear  to  add  constructively  near  8.6  GHz  to  produce 
approximately  4  db  more  mode  conversion  than  for  a  single  transition.  The  total 

mode  conversion  for  two  transitions  was  below  -  25  db  for  the  7"  transitions 

and  below  -  30  db  for  the  10”  transitions  over  the  frequency  range  from  7.4  to 
9.8  GHz. 

The  measured  results  obtained  with  the  two  lengths  of  transition  show  that 
a  10"  transition  length  is  required  to  Insure  that  the  spurious  mode  conversion 

produced  by  the  pair  of  transitions  Is  less  than  -  30  db.  It  should  be  recalled. 
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however,  that  no  analysis  was  performed  to  detexmlne  the  optimiMi  transition  shape 

which  leads  s  siiiimum  transition  length  for  a  given  mode  conversion.  The  re- 

2  jtz 

s  jtalned  above  apply  for  transitions  having  a  sin  varlatior  for  the 

angle  J  the  hexagon  (see  Figure  3.7).  A  future  analysis  may  reveal  that  sub¬ 
stantially  shorter  lengths  of  transitions  can  result.  If  a  different  transition 
shape^ Is  employed . 
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3.2.2  ABSORPTION  BY  RESCMAHC  SLOTS  IN  RECTANCULAR  WAVBuUIDE 

According  to  the  theory  developed  in  Section  6.2b  o£  Reference  1,  maxi- 
mum  spurious  mode  absorption  occurs  in  the  hexagonal  waveguide  with  slotted 
side  walls  when  the  attenuation  constant  per  unit  length,  or  of  the  side  wall 
cooiposlte  modes  (horizontally  polarized)  has  a  value  equal  to' 2k.  In  this 
case  k  is  the  coupling  per  unit  length  ')etwc;en  the  horizontally  and  vertically 
polarized  composite  modes.  It  was  also  pointed  out  in  the  above  references 
that  exact  satisfaction  of  the  condition,  a  *  2k  Is  net  necessary,  since  the 
mode  absorption  does  not  vary  rapidly  as  a  function  of  a  near  the  maximum 
value.  Experiments  were  carried  out  to  determine  the  validity  of  the  theory 
developed  in  References  1  and  2.  The  results  of  these  investigations  show 
that  the  slotted  hexagonal  waveguide  Is  not  the  optimum  mode  at..>rber  con¬ 
figuration.  Instead,  the  optimum  configuration  now  appears  to  be  a  length  of 
unslotted  hexagonal  waveguide  used  in  conjunction  with  short  lengths  of 
slotted  rectangular  waveguide. 

The  value  of  a  produced  by  resonant  slots  in  oversized  rectangular  wave- 
guj.de  carrying  the  measured.  In  this  case  transverse  slots 

were  centered  on  both  the  top  an;'  bottom  walls,  in  order  to  obtain  maximum 
coupling  to  the  longitudinal  current  of  the  mode.  It  was  reasoned  that 
when  operation  is  far  above  cutoff,  the  value  of  a  measured  in  this  way  would 
be  very  nearly  the  same  as  the  values  of  Qf  for  the  TEj^^,  modes  in  hexagonal 
waveguide  of  similar  size  having  slots  centered  on  joth  side  walls. 

Figures  3.13  and  3.14  show  the  slotted  rectangular  waveguide  with  the 
absorbing  loads  employed  to  absorb  the  energy  radiated  by  the  slots.  As  can 
be  seen  in  the  photograph,  thin  brass  dividers  were  used  to  decouple  the  in¬ 
dividual  slots  from  one  another.  Tight  electrical  contact  between  the  dividers 
and  the  waveguide  wall  was  obtained  by  applying  pressure  to  the  individual 
dividers  through  a  rubber  gasket  and  an  aluminum  pressure  plate.  Each  slot  in 
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this  case  radiates  into  a  parallel  plate  region.  The  absorbing  material  was 
shaped  In  the  form  of  wedges  as  shown  In  order  to  provide  a  gradual  matched 
termination  for  the  parallel  plate  medium,  and  to  prevent  energy  leakage  from 
the  open  sides  of  the  parallel  plates.  The  parts  for  the  absorbing  load 
assembly  were  constructed  so  that  they  could  be  used  either  with  the  rectangular 
waveguide  with  slots  on  top  and  bottom  walls  for  attenuation  measurements,  or 
with  hexagonal  waveguide  with  slots  on  the  side  walls  to  form  a  mode  absorber. 

Figure  3.15  shows  the  slot  dimensions.  Thesd  were  designed  to  be  resonant 
at  9.0  GHz  using  a  formula  derived  for  a  single  slot  radiating  Into  free  space. 
Heasurements  were  made  with  25,  50,  and  73  slot  pairs,  each  pair  consisting 
of  a  slot  cn  the  top  and  bottom  walls.  The  total  absorption  was  very  nearly 
proportional  to  the  total  number  of  slot  pairs,  and  was  equal  to  approximately 
0.96  db  per  slot  pair  at  the  slot  resonant  frequency.  Figure  3.16  shows  the 
results  for  25  slot  pairs.  It  is  seen  that  the  resonant  frequency  Is  approxi¬ 
mately  8.0  GHz  Instead  of  9.0  GHz  as  calculated  for  the  single  slot  In  free 
space.  Evidently,  the  slot  has  a  lower  resonant  frequency  In  the  environment 
of  the  parallel  plate  medium. 

The  value  of  a  required  to  satisfy  the  condition  or  2k  can  be  determined 
from  equation  6.9  of  Reference  1.  Thus, 

b  -b  . 

O'  =  2k  *»  0.4  (  )  jt  3.1 

o  a 

The  value  of  the  ratio  (b  -  b  )/  b  is  equal  to  0.4  for  the  hexagonal  waveguide 

c  s 

dimensions  shown  In  Figure  3.7  (b  3.000”,  b  ■  2.000”,  b  ■2.500"). 

c  s 

*  The  absorbing  material  employed  is  Radite  75,  supplied  by  Radar  Design 
Corporation,  Syracuse,  New  York. 
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Letting  d  »  the  slot  spacing,  one  obtains 

od  -  0.16  f.  3.2 

a 

Letting 

\  -  1.313"  (9.0  GHz) 
d  -  0.400" 
a  -  2.800" 

There  results 

od  »  0.341  nepers 

ad(db)  =  8.686  x  0.0341  -  0.296  db 


This  value  of  ct  should  be  compared  with  the  measured  value  of  approximately 
0.96  db  given  above  for  resonant  slots  in  rectangular  waveguide. 


It  Is  also  Interesting  to  compare  the  measured  value  with  the  value  of 

O'  calculated  for  a  single  slot  radiating  Into  free  space.  The  following  formula 

can  be  used  to  calculate  the  normalized  series  resistance  introduced  by  a  single 

(7) 


half  wave  resonant  slot  centered  on  the  broad  wall  of  a  rectangular  waveguide 

3.3 


10 


0.523  (  -y-  )  f  “j,  )  cos 


4a 


where  all  symbols  have  their  usual  meanings.  The  attenuation  for  a  pair  of  such 


slots  on  opposite  broad  walls  is  given  by 


ad  -  - 
Z 


3.4 


10 


where  d  Is  the  slot  spacing. 

Letting 

f  -  8.0  GHz,  X  -  1.48" 
a  -  2.8"  b  -  2.5", 

the  calculated  value  of  ad  is  0.869  db.  This  Is  unexpectedly  close  to  the 
measured  value  of  0.96  db  given  above  for  a  pair  of  slots  radiating  Into 
parallel  plate  medlim. 
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Is  Section  3.22  of  Reference  2  a  short  discussion  Is  given  of  experiaental 
results  reported  In  Reference  8  for  centered  transverse  slots  radir.tlng  frca 
the  bribed  wall  of  a  WR-284  waveguide  Into  a  secondary  HR>137  wav'-gulde.  In 
these  experiaents  the  axes  of  the  two  waveguides  were  90*^  apart  to  fora  a  slot 
coupled  E-plane  T- Junction.  Slots  having  lengths  equal  to  1.00'‘  and  0.75” 
resonated  at  approxlaately  6.4  GHz  and  8.0  GHz,  respectively,  and  the  result¬ 
ing  coupling  values  from  the  WR-284  to  the  HR- 137  waveguides  were  -  10  db  and 
-  12  db,  respectively,  at  the  resonant  frequencies.  These  values  of  ^upllng 
correspond  to  coupling  losses  of  0.45  db  and  0.28  db,  respectively.  The 

corresponding  values  of  t  are.0«0259  and  0.0161,  respectively.  Use  of 
R  ^0 

equation  3.3  yields  r  0.11  for  the  1”  slot  resonated  at  6.4  GHz;  It 

^10 

Is  seen  that  this  Is  approxlaately  four  times  the  measured  value  of  0.0259  re¬ 
ported  In  Reference  7  for  the  1”  slot  coupling  the  HR- 284  and  HR- 137  waveguides. 

It  appears,  therefore,  that  It  is  reasonable  to  conclude  from  the  above 
results  that  eqiutlon  3.3  produces  fairly  accurate  results  when  applied  to 
slots  radiating  Into  free  space,  or  Into  a  parallel  plate  medium.  However, 
too  high  a  value  of  —  Is  obtained  from  this  equation  when  the  slot  Is  radiating 

ho 

Into  a  narrow  width  secondary  waveguide.  Apparently,  the  fact  that  the  narrow 
width  secondary  waveguide  has  only  a  single  propagating  mode  causes  the  total 
power  radiated  from  the  slot  to  be  less  than  In  the  case  of  radiation  Into 
free  space  or  Into  a  parallel  plate  medium.  In  the  latter  two  cases  the  energy 
from  the  slot  radiates  Into  a  continuous  spectrum  of  propagating  modes. 

Some  further  conclusions  concerning  the  properties  of  waveguide  slots 
should  be  mentioned.  In  Reference  8  It  Is  shown  that  the  attenuation  obtained 
with  several  slots  Is  very  nearly  equal  to  the  attenuation  obtained  with  a 
singla  slot  multiplied  by  the  total  number^of  slots.  This  implies  that  the 
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effect  of  neighboring  slot*  on  the  leekege  froa  mof  one  iilot  is  snsll.  Ihe 
reflection  coefficient  froa  sn  array  of  aany  slots  can  also  be  fairly  saall. 
For  exaaple,  with  the  array  of  100  slot  pairs  described  above  the  reflection 
coefficient  for  the  aode  was  below  -  26  db  over  the  frequency  range  froa 
7.0  to  9.S  6Bz. 


3.2.3  KZFEBmnO.  BESCLIS  tfHH  SLOTTED  HnMOOWAI.  U&VEGOIK  IIXNB  ABSOIBER 


Figure  3.17  shous  two  4*  lengths  of  electrofomed  hessgoasl  waveguides. 

On  one  of  these  the  side  walls  have  been  aachined  to  a  unifom  thickness  equal 
to  0.09(f*y  and  a  total  of  100  slots  have  been  cut  along  the  center  of  each  side 
wall,  with  a  spacing  equal  to  0.400”.  The  slot  dieensions  are  the  sawe  as  shown 
in  Figure  3.15,  except  that  the  0.583”  distension  was  decreased  to  0.500”.  This 
was  done  in  order  to  shift  the  resonant  frequency  froa  8.0  6Ht  to  appxaxiswtely 
9.0  GHz.  Figure  3.18  shows  the  slotted  hexagonal  waveguide  assenbled  with  the 
absorbing  loads. 

Measureaents  were  perfoiaed  to  determine  the  reflection  coefficient  and 
insertion  loss  for  the  node,  and  the  absorption  of  the  spurious  aodes. 

The  reflection  coefficient  experienced  by  the  aode  was  below  -  36  db  in 
the  frequency  band  between. 7. 5  and  10.0  GHz.  The  Masured  Insertion  loss  ex* 
perienced  by  the  aode  was  below  0.05  db  in  this  same  frequency  range. 

The  absorption  of  the  spurious  modes  was  measured  by  an  insertion  loss 
method.  For  this  purpose,  use  was  made  of  the  E-plane  wedge  shown  In  Figure  3.19. 
The  wedge  was  placed  at  the  output  of  a  24"  long  taper  from  standard  1.122" 
z  0.497"  waveguide  to  2.800"  x  2.500"  oversized  waveguide.  With  a  TE^^  mode 
incident  on  the  wedge,  the  mode  and  the  TE^ 
are  transmitted  beyond  the  wedge,  with  very  little  energy  reflected  in  any  mode. 
The  measured  TE^^  mode  reflection  produced  by  the  wedge  was  below  -  36  db  from 
7.0  to  10.0  GHz.  An  approximate  theoretical  calculation  of  the  amplitudes  of 
the  spurious  modes  generated  by  the  wedge  is  given  in  Appendix  2. 

The  TE^  and  TM^^  modes  in  each  of  the  degenerate  mode  pairs  generated  by  the 
wedge  have  just  the  right  amplitudes  to  cause  the -cross  polarized  component  of  the 
electric  field  of  each  pair  to  be  zero  everywhere  in  the  transverse  plane.  The 


TM^  degenerate  mode  pairs 
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degenerate  node  pairs  generated  by  the  wedge  are,  therefore,  the  vertically 
polarized  coaposite  aode  pairs  described  in  Section  6  of  Reference  1.  These 
nodes  have  longitudinal  currents  along  the  top  and  botton  walls,  but  none  along 
the  side  walls.  It  is  these  nodes  that  the  hexagonal  waveguide  node  absorber 
nust  be  designed  to  absorb. 

The  node  absorption  was  detemi.ned  by  probing  the  field  along  the  top  wall 
of  the  waveguide  beyond  the  wedge  with  and  without  the  node  absorber  inserted 
between  the  wedge  and  the  probe.  The  field  was  probed  along  an  lucisting  36" 
long  section  of  2.800"  x  2.500"  waveguide  having  a  "holey"  top  wall  as  shown  in 
Figure  3.20.  The  longitudinal  hole  spacing  is  0.200".  Cz.z  line  of  holes  is  lo> 
cated  along  the  center  of  the  top  wall.  Ot*''^  lines  of  holes  are  located  at 
distances  equal  to  +  a/6  and  +  a/4  from  the  center  of  the  waveguide  where  a  is 
the  waveguide  width.  As  a  result  of  the  symmetry  of  the  system  only  the 
TE^^,  modes  are  present  in  significant  amounts.  It  was  therefore  necessary 

to  probe  along  only  the  center  line  of  holes.  This  was  done  using  an  electric 
field  probe  with  a  bolometer  detector.  The  probe  was  detuned  to  obtain  stability. 
For  these  measurements  the  "holey"  waveguide  was  terminated  in  a  multi-mode  matched 
load.  By  plotting  the  variation  of  the  probe  voltage  along  the  length  of  the 
"holey"  waveguide  section,  it  was  possible  to  calculate  the  relative  amplitudes 
of  the  spurious  modes  relative  to  the  mode.  The  mode  absorption  produced 
by  the  mode  absorber  was  taken  as  the  difference-  between  the  calculated  spurious 
mode  levels  with  and  without  the  mode  absorber  in  place. 

Figure  3.21  shows  the  result  obtained  at  8.8  GHz  without  the  mode  absorber. 
Measurements  were  made  at  every  10th  hole  along  the  36"  length  of  "holey"  wave¬ 
guide.  The  strong  beat  between  the  the  vertically  polarized  ^11 
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spurious  aode  pslr  is  clearly  evident.  Note  that  the  points  for  alnlma  and 
aaxlvfa  probe  voltage  are  separated  by  where  ■  36"  at  8.8  CHz  Is 

the  beat  wavelength  between  the  aode  and  the  aode  pair.  The 

saall  ripple  on  the  curves  can  be  readily  Identified  as  a  superlaposed  beat  between 
the  and  the  aode  pair.  The  beat  wavelength  Xj^^2  between 

these  aodes  Is  equal  to  8.3"  at  8.8  GHz. 

One  can  deteralne  the  ratio  of  the  amplitudes  of  the  spurious  aodes  from 
the  ratio  of  the  mlnlaua  to  the  aaxlnua  probe  voltage.  This  ratio  has  been 

teraed  the  (VSWR)  (because  of  the  anology  with  standing  wave  phenoiBena). 

nn 

Figure  3.21  shows  that  (VSWR)^^^^  Is  approximately  19.5  db.  This  corresponds  to 
an  amplitude  of  *  1.8  db  for  the  mode  relative  to  the  TE^q  aode. 

Values  of  -  2.3,  •  2.2,  -  2.3,  and  •  2.0  db  were  obtained  at  f  8.4,  8.6,  9.0, 
and  9.2  for  this  ratio.  The  relative  constancy  of  this  ratio  as  a  function  of 
frequency  was  expected  from  consideration  of  the  properties  of  the  thin  wedge 
(see  Appendix  2  }.  As  expected,  the  amplitudes  of  the  ^^2*  were  low, 

and  of  the  order  of  -  20  db  relative  to  the  aode. 

Figure  3.22  shows  the  results  obtained  at  8.8  GHz  when  the  mode  absorber 
with  100  sl^t  pairs  was  Inserted  between  the  wedge  and  the  holey  waveguide  probe 
section.  It  Is  seen  that  the  effect  of  Inserting  the  mode  absorber  was  to  reduce 
the  value  of  (VSWR)j^j  from  19.5  db  to  9.2  db.  Since  a  value  of  the  (VSWR)^^^ 

■  9.2  db  corresponds  to  a  value  of  -  6.3  db  for  the  ratio  of  the  TM^^  mode 

relative  to  the  TE^q  mode,  the  mode  absorption  Is  equal  to  6.3  -  1.8  or  4.5  db. 

Figure  3.23  shows  the  results  obtained  when  50  of  the  100  slot  pairs  were 
covered  with  aluminum  foil  from  the  outside  of  the  waveguide,  rendering  them 
dissipationless.  The  value  of  the  (VSWR)^^  In  this  case  Is  only  1.6  db,  corres¬ 
ponding  to  a  value  of  -  21  db  for  the  ratio  of  the  TE^^,  mode  relative  to 

the  TE^q  mode.  The  mode  absorption  In  this  case  Is  21  -  1.8  ••  19.2  db. 
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Figun  3.24  shows  the  results  of  aore  extensive  aessureaents  asde  In  the 
frequency  bsnd  between  8.4  and  9.2  GHs.  Inspection  of  these  data  shows  that  a 

in  the  aode  absorption  is  obtained  when  approxiaately  50  of  the  slot  pairs 
are  covered,  rendering  thea  dissipationless.  These  results  cannot  be  explained 
by  the  theoretical  considerations given  in  previous  sections  of  this  report  or  in 
References  1  and  2.  An  explanation  will  be  given  in  the  following  section. 


3.2.4  ISrERPRETAIION  OF  THE  EXPERIMEirtAL  SESOLTS 


The  data  in  Figure  3.24  show  that  ouch  higher  values  of  node  absorption 
can  be  obtained  when  some  of  the  slots  are  covered  with  aliainua  foil.  Fron 
these  results  it  was  concluded  that  a  new  and  aore  efficient  aode  of  operation 
for  the  hexagonal  waveguide  aode  absorber  can  be  obtained  through  the  use  of 
unslotted  or  lossless  hexagonal  waveguide. 

When  lossless  hexagonal  waveguides  are  used  the  vertically  and  horizontally 

polarized  conposite  TE  ,  IM  aodesare  essentially  degenerate,  and  are  coupled 

lan  ntfi 

to  one  another.  In  Section  6.28  of  Reference  1  the  coupling  coefficient  k 

SD 

between  the  vertically  and  horizontally  polarized  coaposite  aodes  was  shown  to 

be  equal  to  where  A-B  is  the  difference  in  propagation  constant  between  the 

TE  and  the  TM  aodes  coaprising  the  coaposite  aodes.  Thus, 
an  an 


Values  of  X  calculated  by  Heinke  were  given  in  Reference  1  for  the  case  of  a 
c 

hexagonal  waveguide  having  the  ratio  b/a  »  0.9  where  b  is  the  average  height  and 

a  is  the  width  of  the  hexagonal  waveguide.  Heasured  values  of  X^  are  given  below 

ir  Table  3.1  for  the  hexagonal  waveguide  dioenslons  employed  in  the  present 

experiments.  For  this  waveguide  b  *  (b  +  b  )/2  *»  2.500",  a  «  2.800", 

c  s 

b  =  3.000,  b  =  2.000,  (b  -  b  )/2  *  0.4. 
c  s  c  s 

Table  3.1 

Cutoff  Wavelengths  for  Hodes 
in  Hexagonal  Waveguide 


Mode 

>' 

n 

Mode 

X  /a 
c 

T^ll 

1.185 

^^2 

0.75 

^11 

1.373 

™12 

0.86 
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Using  the  data  in  Table  3.1  in  Equation  3.5  values  of  0.066  and  0.1855  result 
for  and  respectively  at  a  frequency  of  9.0  GHz. 

It  can  be  seen  that  a  hexagonal  waveguide  transforms  energy  from  an  incident 

vertically  polarized  composite  mode  to  a  horizontally  polarized  composite  mode. 

Assuming  that  a  vertically  polarized  composite  mode  of  unit  amplitude  is  incident 

on  the  lossless  hexagonal  waveguide  at  the  point  z  0,  the  normalized  voltage 

amplitudes  E  and  Ej^  of  the  vertically  and  horizontally  polarized  composite 

(9) 

modes  are  given  by 


Ie  I  =>  cos  k  z 
*  V '  mn 

(3.6) 

Ie,  1  »  sin  k  2 
'  n  *  mn 

(3.7) 

Thus  at  z  =  0  there  results  |e^|  “  1,  and  [Ej^  I  =*  0;  at  z  »  n/Zk^  there 
results  Ie^I  “  0,  and  jEj^j  “  1.0.  Once  the  power  which  is  incident  in  the 
vertically  polarized  mode  has  been  converted  to  the  horizontally  polarized  com¬ 
posite  mode,  it  can  be  dissipated  by  means  of  side  wall  slots.  These  slots  can 
be  placed  on  the  side  walls  of  the  rectangular  waveguide  following  the  transition 
from  hexagonal  to  rectangular  waveguide. 

The  above  mode  of  operation  of  the  mode  absorber  which  employs  lossless 
hexagonal  waveguides  can  be  compared  to  the  previously  considered  mode  of  oper¬ 
ation  which  employs  slotted  hexagonal  waveguides.  The  solution  to  the  coupled 

line  equations  for  the  slotted  waveguide  case  must  consider  the  loss  which  is 
(9) 

present  •  These  solutions,  however,  take  on  relatively  simple  forms  when  one 

assumes  that  the  slots  introduce  loss  only  to  the  horizontally  polarized  composite 

mode,  and  that  the  attenuation  constant  <X  for  this  mode  is  equal  to  2k  .  It 

mn 

should  be  recalled  that  the  condition  a  s  2k  results  in  the  most  efficient  mode 

mn 

absorption  when  a  slotted  hexagonal  waveguide  is  employed.  Thus,  for  a  wave  of 
unit  amplitude  Incident  in  the  vertically  polarized  mode,  the  solutions  are 

♦Equation  3.5  is  derived  in  Section  6.2b  of  Reference  1. 
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(3.8) 


fl  +  k  z1 
L  ntn  J 


,  -k  z 
k  38  nm 
mn 


(3.9) 


Values  of  the  composite  mode  voltages  for  z  ■  L  calculated  from  equation 

3.6,  3.8  and  3.9  are  shown  plotted  In  Figure  3.25.  Inspection  of  these  curves 

show  that  |e^|  for  0*0  obtained  from  equation  3.6  Is  a  periodic  function  of 

k  L  with  period  equal  to  x/2,  whereas  |e^|  for  a  «  2k  decreases  monotonlcally 

with  Increasing  values  of  k  L.  It  should  be  ttoted  that  for  values  of  k  L  less 

mn  mn 

than  approximately  2.0,  |e^|  for  a  «  0  Is  less  than  |e^|  for  a  «  2k^. 

The  experimental  results  shown  In  Figure  3.24  can  be  compared  to  the  the¬ 
oretical  data  shown  In  Figure  3.25  by  considering  Figure  3.26.  This  shows  the 
dimensions  of  the  components  employed  in  the  experiments.  It  Is  now  desired  to 
calculate  the  mode  absorption  that  should  be  expected  for  the  several  experimental 
conditions  for  which  data  Is  given  In  Figure  3.24.  Consider  first  the  amount  of 
mode  absorption  that  should  be  expected  under  optimum  conditions  with  the  slotted 
hexagonal  waveguide  mode  of  operation  (a  »  2k^^) .  From  equation  3.5  a  value  of 
0.066  was  calculated  for  k^^X  at  9.0  GHz.  This  result  can  be  expressed  as 

k^^L  -  0.066  L/X  (3.10) 

at  9.0  GHz.  For  L  "  ^0",  X  ■  1.313"  one  obtains  kj^j^L  •  2.01.  Referring 
to  the  curve  labeled  Ie  (a  <■  2k  )  In  Figure  3.25,  It  Is  seen  that  the  theoretical 
maximum  mode  absorption  under  optimum  conditions  (or ■  ^^11^  equal  to  approxi¬ 
mately  8  db.  This  should  be  compared  to  the  measured  value  of  approximately  4.5  db 
obtained  with  no  slots  covered  (Figure  3.24).  However,  the  measured  value  of  4.5  db 
with  no  slots  covered  resulted  from  the  comblned  effects  of  the  40"  slotted 
section  and  the  sections  of  unslotted  hexagonal  waveguides  contained  In  the  system. 
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The  mode  absorption  produced  by  the  unslotted  hexagonal  waveguide  will 

now  be  calculated.  First,  It  can  be  easily  shown  that  the  10"  transition  in 

which  the  angle  of  the  hexagonal  cross  section  (Figure  3.7)  varies  gradually 
2  icZ 

according  to  sin^  ~  has  an  effective  coupling  length  which  is  equivalent  to 

ZXj 

that  of  a  5"  length  of  hexagonal  waveguide  having  (b^  -  b^)/b  ■  0.4.  It  can 
be  seen  from  Figure  3.26,  therefore,  that  the  effective  length  of  lossless 
hexagonal  waveguide  on  either  side  of  the  slotted  waveguide  is  equal  to  10". 

The  value  of  9.0  GHz  for  each  of  these  10"  effective  lengths  can  be 

determined  from  equation  3.10,  and  is  equal  to  0.502.  The  value  of  the  mode 
absorption  produced  by  each  ot  these  10"  effective  lengths  of  lossless  hexa¬ 
gonal  waveguide  can  be  determined 'from  the  curve  labeled  |e^|  (a*  0)  in 
Figure  3.25.  Thus  for  “  0.502  an  absorption  of  approximately  1.2  db  re¬ 
sults.  The  absorption  for  the  two  10"  lengths  separated  by  the  slotted 
hexagonal  waveguide  is  2.4  db.  Power  converted  from  the  vertically  polarized 
to  the  horizontally  polarized  composite  modes  by  the  transition  and  straight 
sections  on  the  generator  side  of  the  slotted  waveguide  is  absorbed  by  the 
slotted  hexagonal  waveguide.  Power  converted  by  the  transition  and  the  straight 
sections  on  the  output  side  of  the  slotted  waveguide  is  not  detected  by  the 
holey  top  wall  probe,  and  is  absorbed  in  the  multi-mode  load  located  beyond  the 
probe.  Thus,  2.4  db  of  the4.Sdb  mode  absorption  measured  with  all  slots  covered 
must  be  attributed  to  the  lossless  hexagonal  waveguide  mode  of  operation.  This 
means  that  a  mode  absorption  of  only  2.1  db  occurred  due  to  the  slotted  hexagonal 
waveguide  mode  of  operation,  compared  to  a  maximum  possible  value  of  8  db  ob¬ 
tained  when  a  >•  Evidently,  the  condition  a  *  not  met  at  the 

frequencies  at  which  measurements  were  made.  From  Section  3.22  it  can  be  con¬ 
cluded  that  a  was  too  high.  This  reduced  the  amount  of  power  transfer  per  unit 
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length  which  could  occur  between  the  vertically  and  horizontally  polarized 
ccmposite  modes  in  the  slotted  hexagonal  waveguide. 

The  following  table  gives  the  effective  length  of  lossless  hexagonal 
waveguide  as  a  function  of  the  number  of  slots  covered.  This  also  gives  the 


value  of 

the  mode  absorption  for 

the  TE^^,  TM^^ 

composite  mode  pair 

at  9.0  GHz. 

Table  3 

.2 

No.  of  Slots 
Covered 

Effective  Length 
of  Hexagonal 

Waveguide  (inches) 

•'ll" 

(radians) 

^"ll*  ™11 
Hode  Absorption 
(do) 

0 

10 

0.502 

2.4  db 

37 

24.8 

1.25 

11 

50 

30 

1.51 

>25 

65 

36 

1.81 

16 

In  Table  3.2  the  effective  lengths  refer  to  the  lengths  on  the  generator  side  of 

the  slotted  waveguide.  A  fixed  10"  length  of  lossless  waveguide  was  assumed  on 

the  load  end  of  the  slotted  waveguide  which  produced  a  fixed  value  of  absorption 

equal  to  1.2  db.  The  data  for  the  calculated  mode  absorption  given  in  Table  3.2 

show  that  a  maximum  mode  absorption  should  occur  for  30  holes  covered.  This 

agrees  well  with  the  experimental  data  given  in  Figure  3.24.  Reasonably  good 

agreement  between  the  theoretical  and  experimental  results  was  also  obtained  for 

37  and  50  holes  covered.  These  results  seem  to  verify  the  fundamental  idea  that 

the  coupling  coefficient,  is  given  by  the  difference  in  propagation  constants 

between  the  TE  and  TM  modes  comnrising  the  coupled  composite  modes, 
mn  mn  • 
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3.2.5  A  CONFIGUBATICm  FOR  A  MODE  ABSORBER  EMPLOYING  LOSSLESS  HEXAGONAL  HAVEGDIOE 


Figure  3.27  shows  a  configuration  for  a  mode  absorber  which  en^loys  lossless 

hexagonal  waveguide  in  conjunction  with  rectangular  waveguides  having  slotted 

side  walls.  This  is  designed  to  absorb  both  the  vertically  and  horizontally 

polarized  composite  TE  ,  TM  modes  incident  on  either  elkd.  For  example,  the 
‘  nm  sm 

horizontally  polarized  modes,  E^,  which  enter  the  mode  absorber  are  absorbed 
iiioedlately  in  the  slotted  rectangular  waveguide  sections  placed  on  both  ends 
of  the  mode  absorber.  A  vertically  polarized  compoelte  mode,  E^,  which  enters 
the  mode  absorber  passes  by  the  slotted  rectangular  waveguide  section  without 
loss.  As  this  mode  passes  through  the  lossless  hexagonal  waveguide  section, 
however,  it  is  transformed  to  the  horizontally  polarized  mode  in  accordance 
with  equations  3.6  and  3.7.  The  horizontally  polarized  mode  is  then  absorbed 
in  the  slotted  rectangular  waveguide  at  the  output  end  of  the  mode  absorber. 

The  slotted  rectangular  waveguides  contain  slots  on  both  side  walls.  Trans¬ 
verse  slots  are  placed  at  distances  equal  to  b/4  from  the  renter  of  the  side  wall 
where  b  is  the  width  of  the  side  wall.  Slots  located  in  this  manner  will  provide 
absorption  for  both  the  and  the  TEj^2»  ^^2  polarized 

composite  modes.  In  the  case  of  the  T^E^^,  TM^^  modes  the  absorption  with  the 
pair  of  slots  is  approximately  the  same  as  with  a  single  centered  slot.  From 
the  data  given  in  Section  3.2.2  it  can  be  seen  that  approximately  20  slot  pairs 
are  required  on  each  side  wall  in  order  to  obtain  20  db  absorption.  With  a  slot 
spacing  of  0.400"  in  the  axial  direction  the  length  of  each  of  the  slotted  rec¬ 
tangular  waveguides,  therefore,  is  approximately  8". 

The  absorption  of  the  desired  TE^q  mode  by  the  slots  is  very  small,  since 
this  mode  has  no  longitudinal  current  anywhere  on  the  side  walls.  It  should  be 
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notea  that  In  the  case  of  the  slotted  hexagonal  waveguide,  only  centered 
transverse  slots  could  be  employed,  since  the  longitudinal  current  for  the 
TE^q  mode  is  zero  only  along  the  center  of  the  side  wall  of  the  hexagonal  wave¬ 
guide.  In  this  case  the  slotted  hexagonal  waveguide  mode  absorber  could  not 

absorb  the  TE,  ,  IM,  composite  modes  for  which  n  is  even. 

In  In 

The  possibility  of  lower  loss  for  the  desired  mode  and  the  ability  to 
absorb  the  *^2  modes  represent  Important  advantages  for  the 

configuration  shown  in  Figure  3.27.  The  question  arises,  however,  as  to 
whether  the  length  of  the  lossy  hexagonal  waveguide  section  can  be  selected 


in  order  to  permit  absorption  of  both  the  TE^^,  and  the  TE^2»  '^**12 

composite  modes.  For  this  to  occur  it  must  be  possible  to  select  the  values 
of  kL  for  these  modes  so  that  cos  kL  (equation  3.6)  is  small  for  both  modes. 
Using  the  data  in  Table  3.1  it  can  be  shown  that  k^^\  and  k^^^  values  of 
0.066  and  0.1855,  respectively,  at  9.0  GHz.  The  ratio  l'j2^^11  therefore 

equal  to  2.81.  It  is  seen,  therefore,  that  if  is  made  equal  to 

n/2  (L  ■  31.3",  if  f  ■  9.0  GHz),  in  order  to  obtain  high  absorption  of  the 
TEjj,  TM^j^  composite  mode,  the  value  of  hj^2^  would  be  equal  to  4.41  radians  or 
253  degrees.  In  this  case  cos  vould  be  equal  to  0.282  corresponding  to  an 
absorption  of  11  db  for  the  ’^^^2’  *^2  mode.  Since  k^  is  approxi¬ 

mately  proportional  to  X,  high  absorpt.cn  for  both  modes  would  occur  over  a 
relatively  broad  frequency  bandwidth. 

One  further  point  should  be  made  conceinlng  the  configuration  shown  in 
Figure  3.27.  Since  the  hexagonal  waveguide  is  no  longer  required  to  be  slotted 


in  order  to  provide  absorption  for  the  TE  ,  TM  composite  modes,  the  possi¬ 
bility  now  suggests  itself  of  Incorporating  the  TE^  .  TM^^  and  TE^q  mode 
absorbers  into  a  single  structure.  It  may  be  possible  to  couple  the  hexagonal 
waveguide  to  narrower  waveguides  having  width  equal  to  approximately  a/3  in 
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order  to  abaorb  the  mode.  Since  the  narrower  width  waveguides  have  low 
loss,  and  are  much  narrower  than  the  hexagonal  waveguide,  the  wavelengths  of 
the  horizontally  polarized  TE^,  composite  modes  in  the  hexagonal  wave¬ 

guide  may  not  be  significantly  perturbed  by  the  presence  of  the  slots.  In 
this  case  the  horizontally  and  vertically  polarized  composite  modes  would 
remain  essentially  degenerate  and  equations  3.6  and  3.7  would  still  apply. 


4.0  RESOHANT  RING  DEVELOPMENT 


A  -17  db  side  wall  directional  coupler  between  two  waveguides  having  width 
a*  to  2.800"  and  height  b««  2.500"  was  designed  and  fabricated.  Coupling  is 
achieved  through  full  height  slots  fo’nned  with  strips  having  ;hickaess  t  «  0.100" 
and  a  minimum  width  w  «  0.100".  The  strip  width  w  is  varied  along  the  30"  long 
coupling  region  in  order  to  produce  a  sinusoidal  coupling  distribution.  With 
these  strip  dimensions  it  will  be  possible  to  water-cool  the  strips  in  order 
to  realize  the  design  objective  of  1.0  megawatt  of  CW  power  at  X-band.  It  is 
planned  to  use  the  compact  H- plane  bends^^^  having  (R/a  ■  1.48  for  the  resonant 
ring.  These  bends  have  low  mode  conversion  over  a  5%  frequency  bandwidth 
centered  at  a/X  «*  2.0. 

The  -17  db  coupler  described  above  was  assembled  in  the  directional  coupler 
test  fixture  (Figures  2.15a  and  b  of  Reference  2)  and  tested  for  VSWR,  coupling, 
and  spurious  mode  generation  over  the  frequency  band  from  7.5  to  9.5  GHz.  Measured 
VSWR  was  below  1.02,  and  the  coupling  was  approximately  -16.5  db.  The  measured 
TE^q  mode  level  was  below  -24  db  in  the  above  frequency  range.  The  measured 
TE2Q  mode  level,  however,  was  approximately  -15  db  in  the  region  near  9.0  GHz 
and  decreased  steadily  to  -22  db  near  7.5  GHz.  Calculations  based  on  loose 
coupling  theory  now  show  that  the  theoretical  spurious  mode  conversion  for  the 
TE^q  mode  which  is  a  function  of  the  variable  0/n  (1,9)  has  one  of  its  maxima 
in  the  above  frequency  range.  The  function  can  be  shifted  off  this  maximum  by  a 
small  fractional  change  in  the  length  of  the  coupling  region,  or  by  a  change  in 
the  coupling  distribution.  This  can  be  readily  accomplished  with  the  directional 
coupler  test  fixture  and  the  adjustments  will  be  further  expedited  with  the  aid 
of  the  mode  selective  directional  couplers  (Section  2.2). 

An  analysis  has  been  performed  of  a  resonant  cavity  configuration  employing 

a  directional  coupler  as  a  coupling  element.  The  results  of  the  analysis  show 
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the  effect  of  coupler  losses  on  cavity  resonance  buildup.  The  characteristics 
of  the  resonant  cavity  which  can  bi:  readily  asseidiled  with  existing  coiaponents 
are  similar  to  those  of  a  resonant  ring,  and  it  is  planned  to  perform  a  few 
simple  experiments  with  the  resonant  cavity  configuration  in  order  to  determine 
losses  and  tuning  characteristics.  These  experiments  will  be  performed  before 
the  design  of  the  coupler  for  the  resonant  ring  is  finalized.  Results  will  be 
presented  in  the  next  report. 


5.0  CONCLUSKMIS  AND  RBCOIMENDATIOIIS 


5.1  -3  db  mTI-HOLS  COUPLER  DEVELOPMEHI 

Dc'ring  the  past  period  It  was  deaotistrated  that  th/i  tapers  eaployed  to  re¬ 
duce  the  waveguide  width  along  the  coupling  region  (in  order  to  obtain  higher 
coupling  per  unit  length)  are  the  principal  source  of  spurious  aode  conversion. 
Techniques  were  developed  for  reducing  the  spurious  node,  conversion  froa  this 
source.  These  techniques  eaploy  tapered  dielectric  and  netal  wedges  placed  on 
the  side  walls  to  transfoia  the  wavefronts  froa  planar  to  cylindrical.  The  use 
of  canted  input  waveguides  for  accoaplishing  this  saae  purpose  was  also  deaon- 
strated.  Using  these  techniques  spurious  aode  aaplitudes  in  all  ports  were  re¬ 
duced  to  -22  db  or  lower  over  the  frequency  oand  froa  7.5  to  8.7  ^z.  These 
represent  preliainary  results,  and  it  is  hoped  that  the  spurious  acdes  can  be 
reduced  to  even  lower  levels  with  aore  refined  adjustaents. 

5  .2  MDUE  ABSORBER  DEVEL(ff2Q)i? 

Ezperiaental  results  obtained  with  the  aode  absorber  for  the  aode 
desaocstrated  that  it  is  possible  to  ccuple  the  node  froa  the  aaic  wave¬ 
guide  with  only  saall  effect  on  the  desired  node.  It  was  shown  that  the 

relatively  saall  insertion  loss  experienced  by  che  TE^^  aode  was  caused  aostly 
by  dissipation  effects,  aode  conversion  loss  being  negligible.  Q  aeasureaents 
indicate  an  insertion  loss  of  0.03  db  for  the  aode  absorber,  whereas  sacotb 
unperturbed  waveguide  of  the  saae  lesgtb  and  xacerlal  (<.'luKiisjB)  as  the  aode 
absiorber  would  have  O.Cl  db  i:isertloc  loss  cue  to  dlssinaiioa.  It  should  be 
^ted  that  the  e^eriaerts  were  perfozaed  vitb  a  node  absorier  asseably  which 
was  bolted  together  all  alsog  its  34"  length.  The  top  and  ncitca  walls  of  the 
aain  wsvegside  ix  this  assesbly  were  aluaiss.  and  the  side  wal.. s  were  the 
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coupling  gratings  which  were  made  from  brass.  It  is  believed  that  a  copper 
electroformed  model  would  exhibit  substantially  lower  insertion  loss  for  the 
mode. 

The  experimental  results  obtained  with  the  hexagonal  waveguide  mode  ab¬ 
sorber  for  the  TE  ,  TM  composite  modes  have  shown  close  agreement  with  theory, 
mn  mn 

In  particular  the  results  verify  the  theoretical  analysis  which  showed  that  the 

coupling  coefficient  k  between  the  vertically  and  horizontally  polarized  com- 

mn 

poslte  TE  ,  TM  modes  is  equal  to  the  propagation  constant  difference  between 
mn  mn 

the  TE  and  the  TM  modes  comprising  the  composite  modes, 
mn  mn 

A  new  configuration  for  the  hexagonal  waveguide  mode  absorber  has  been  de¬ 
fined  which  employs  unslotted  hexagonal  waveguide  in  conjunction  with  short 
lengths  of  slotted  rectangular  waveguide  connected  to  each  end  of  the  hexagonal 
waveguide  through  transitions.  This  new  configuration  has  important  advantages 
over  the  previously  proposed  configuration  employing  slotted  hexagonal  waveguide. 
The  advantages  are  lower  loss  for  the  desired  TE^^  mode,  and  the  ability  to  absorb 
all  of  the  TE  ,  TM  composite  modes.  Further  work  will  be  directed  towards 
combining  the  TE^^  mode  absorber  and  the  TEj^j,  mode  absorber  into  a  single 


structure. 


5.3  RECC»«1ENDAII0NS  FOR  FURTHER  WORK  ON  OVERSIZED  WAVEGUIDE  SYSTEMS  BEYOND 

PRESENT  CONTRACT 

It  now  appears  that  under  the  present  contract  AF  30  (602)  -3682  a  suc¬ 
cessful  design  will  be  achieved  for  the  -3  db  directional  coupler.  Successful 
designs  will  also  be  achieved  for  mode  absorbers  for  the  mode  and  the 

TEj^j^,  composite  modes.  These  components  will  represent  important  additions 

to  the  list  of  oversized  rectangular  waveguide  components  available  for  systems 
use  of  oversized  rectangular  waveguides.  The  list  of  components  that  will  be 
available  stands  as  follows: 

1 .  Tapers 

2 .  Bends 

3.  -20  db  Multi-Hole  Directional  Coupler 

4.  Spark  Gap  Switches 

5.  Mica  Pressure  Windows 

6.  Matched  Power  Divider  -  Oversized  Rectangular  Waveguide  to 
8  Standard  Size  Rectangular  Waveguides 

7.  Mode  Absorbers 

8.  -3  db  Multi-Hole  Directional  Coupler 

Under  Contract  AF30(602)-3682  work  will  also  be  directed  towards  development  of 
a  resonant  ring  capable  of  carrying  1.0  megawatts  of  CW  power,  and  a  -3  db  con- 
pact  quasi-optical  coupler. 

The  number  and  variety  of  the  available  components  listed  above  suggests 
that  one  avenue  for  future  work  beyond  the  present  contract  AF30(602)-3682  should 
be  the  demonstration  of  systems  in  which  several  oversized  components  are  employed 
together  to  achieve  higher  power  levels  than  can  be  achieved  with  standard  size 
components.  One  relatively  simple  system  could  be  a  narrow  4lse  generator  es- 
pioyirsg  the  spark  gap  switch  and  the  -3  db  coupler  to  discharge  a  resonant  cavity 
formed  with  oversized  rectangular  waveguide. 
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The  spark-gap  switches  were  developed  under  contract  AF3G(602)-3544  to  the 
point  where  they  are  now  satisfactory  for  systems  'j«ie.  Higlser  operating  powers 
could  be  achieved,  however,  by  pressurizing  with  clean  dry  gas  at  slightly  above 
atmospheric  pressure  in  order  to  prevent  spurious  triggering  effects.  Very  high 
operating  power  levels  could  be  achieved  by  operating  the  spark  gap  switch  at 
high  pressure.  In  either  case  the  switch  could  be  pressurized  with  the  simple 
mica  window  which  has  been  tested  u  ider  contract  AF30(602)-3682  (see  Reference  2). 
The  use  of  tungsten  electrodes  for  achieving  longer  switch  life  should  also  be 
investigated.  It  now  appears  that  it  should  be  possible  to  generate  narrow 
X-band  pulses  of  at  least  10  megawatts  peak  power  without  pressurization  using 
the  spark-gap  switch  and  the  -3  db  coupler.  Even  higher  powers  should  be  possible 
with  pressurization. 

Further  work  should  also  be  carried  out  on  the  low  pressure  gaseous  elec¬ 
tronics  switch  employing  a  Penning  electrode  configuration.  Switches  of  this 
type  were  also  investigated  under  contract  AF30 (602) -3544.  These  investigations 
were  exploratory  in  nature,  and  were  confined  to  cold  cathode  configurations 
in  standard  size  WR112  waveguide  at  9.0  GHz  with  mlllwatt  power  levels. 

Although  high  pxasma  densities  and  lower  switching  times  may  be  expected 
with  hot  cathodes  and  high  microwave  power  levels,  the  results  obtained  with  the 
cold  cathode  Penning  switch  at  low  microwave  power  levels  were  surprisingly  good. 
Using  hydrogen  gas  in  the  micron  pre.s8ure  range,  and  a  magnetic  field  of  approxi¬ 
mately  5000  gauss,  reflection  coefficients  ranging  from  -2  to  -l.O  db  and  switch 
isolation  greater  than  24  db  were  obtained.  Switching  times  ranged  between  50  and 
100  nonosecunds.  This  performance  compares  favorably  with  that  reported  previously 
for  the  hot  cathode  thyratron  at  high  microwave  power  levels,  and  strengthens  the 
prediction  that  the  hot  cathode  Penning  discharge  will  result  in  an  ultra-low 
loss  microwave  switch. 


Further  work  on  the  Peiinlng  switch  should  be  directed  along  the  following 
lines: 

a.  Test  the  cold  cathode  switch  in  WR112  waveguide  with  high  alcrowave 
power  levels.  This  switch  with  associated  vacuus  system  which  was 
developed  under  contract  AF30(602)-3544  is  still  in  place,  and  only 
a  mlnisuEi  bike  out  effort  would  be  required  to  restore  the  system  to 
Its  original  condition.  The  results  of  the  high  power  tests  would 
show  whether  hot  cathodes  are  actually  required  in  order  to  attain 
ultra  low  reflection  loss  and  very  short  switching  times.  If  hot 
cathodes  arc  not  actually  required,  3  truly  rugged  switch  configuration 
will  have  been  attained.  It  should  be  noted  that  such  a  switch  would 
find  application  in  standard  siae  as  well  as  oversized  waveguide  systems. 

b.  Further  development  efforts  should  also  be  directed  towards  realizing 
&  Penning  discharge  switch  in  oversized  rectangular  waveguide  with  hot 
or  cold  cathodes  depending  on  the  results  of  item  a  above.  One  of  the 
major  problems  to  be  solved  with  the  oversized  waveguide  switch  is  the 
control  of  spurious  modes.  The  use  of  two  or  more  plasma  columns  in  a 
single  transverse  plane  in  the  oversized  waveguide,  however,  shows 
promise  of  providing  a  satisfactory  solution  to  this  problem. 
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Appendix  1 

Spurious  Mode  Conversion 
Produced  by  Tapers  and  Methods 
for  Compensation 

First,  the  spurious  mode  conversion  produced  by  the  taper  discontinuities 
will  be  calculated.  Figure  A1  shows  the  tapered  coupler.  As  is  well-known 
an  arbitrary  excitation  of  the  input  ports  1  or  2  can  be  resolved  into  modes 
having  even  and  odd  symmetry  about  the  plane  of  the  coupling  grating.  Consider 
first  the  even  modes.  Figure  Ala  shows  the  even  component  of  the  incident 
mode  on  either  port  1  or  4.  The  transverse  field  distributions  of  the  even 
modes  excited  in  the  taper  region  depend  on  the  coupling  per  unit  length  re¬ 
sulting  from  the  coupling  grating.  Figures  Alb  and  Ale  show  the  limiting  forms 
for  the  transverse  field  distribution  for  the  desired  even  mode  and  the  first 
tvio  higher  order  spurious  even  modes.  Thus,  in  Figure  Alb,  for  loose  coupling, 
the  coupling  grating  closely  approximates  a  perfectly  conducting  wall.  In 
this  case  the  desired  mode  is  equivalent  to  the  TEj^q  mode,  and  the  first  two 
spurious  modes  are  equivalent  to  the  TE2Q  and  TE^^  modes  in  unperturbed  wave¬ 
guide  of  width  equal  to  a.  On  the  other  hand,  in  Figure  Ale,  for  very  tight 
coupling,  the  common  wall  is  essentially  completely  removed.  In  this  case  the 
desired  mode  is  equivalent  to  the  mode,  and  the  first  two  spurious  modes 

are  equivalent  to  the  TE^q  and  TE^^  modes  in  unperturbed  waveguide  of  width 
equal  to  2a. 

For  the  modes  having  odd  symmetry  about  the  grating  plane,  this  plcne  is  a 
plane  of  zero  tangential  electric  field,  and  can,  therefore,  be  replaced  with  a 
perfectly  conducting  plane  without  disturbing  the  odd  modes.  On  either  side  of 
the  grating  plane,  therefore,  the  odd  modes  have  the  same  transverse  field  dis¬ 
tributions  as  the  even  modes  under  loose  coupling  conditions. 
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It  can  be  seen  therefore  that  the  spurious  mode  conversion  coefficients 
should  be  calculated  for  the  two  extreme  cases  represented  by  Figures  Alb  and 
Ale.  For  the  odd  inodes,  or  for  the  even  inodes  under  very  loose  coupling,  the 
mode  conversion  coefficients  can  be  calculated  from  the  following  formula. 


V"i 


^  I  -HP 


Equation  al  was  derlVed  by  a  method  employed  by  Solymar'^  '  to  derive  the 
spurious  mode  conversion  coefficients  in  tapered  circular  waveguide  carrying 
the  mode.  In  equation  al  the  mode  index  m  can  take  on  the  integer  values, 

m  ■  2,  3,  4,  5  •  •  *  and  the  factors  a.,  a^  and  T  are  defined  in  Figure  Al. 

The  factor  a,  without  Subscript,  is  equal  to  a.  or  a  ,  depending  on  whether  the 
mode  conversion  is  beinf,  calculated  at  the  interface  between  taper  and  rectangular 
waveguide  of  width  a,  or,  a..  In  deriving  this  formula,  it  was  assumed  that  the 
modes  being  considered  we^e  for  above  cutoff.  It  is  believed  that  the  mode  con¬ 
version  coefficient  for  a  ^purious  mode  near  cutoff  is  lower  than  the  value 
calculated  from  equation  al . 

The  spurious  mode  conversion  coefficients  for  the  even  modes  in  the  limit 
of  very  tight  coupling  (Flguxe  Ale)  can  be  calculated  from  formulas  published 

(1  11'  V 

by  Solymar  ’  '  for  rectangular  waveguide  tapers.  In  this  case  the  mode  conversion 

coefficient  for  the  spurious  °>ode  in  the  double  width  waveguide  can  be  cal¬ 

culated  from  the  following  formula  derived  rom  Solymar' g  results. 


-  (0.152) 

ho 


Note  that  the  even  inodes  of  Figure  Ale  transform  into  the  corresponalng 
even  .nodes  of  Figure -Alb  as  they  travel  into  regions  of  looser  coupling.  For 


this  reason  the  mode  in  the  double  width  waveguide  ca?.  be  considered  Co  be 
a  "distorted"  TE2Q  mode  of  the  single  width  waveguide.  Using  this  point  of  view 


I 


the  7^20  considered  the  strongest  spurious  mode  for  all  values  of. 

coupling. 

As  an  example  ot  the  use  of  the  above  formulas,  consider  the  following 

case. 

■>  2.800  r  ■  grating  thickness  ■  O.IOO" 

8^  “  2.050"  X  »  1.313"  (9,0  GHz) 

T  -  15.000" 


In  this  case  a  has  ’oee.i  set  equal  to  5.7G0"  and  4.200"  to  account  for  the  double 
width  waveguide  plus  the  grating  thickness.  Equation  a2  actually  applies  only 
at  the  a^^  taper  cross  section,  since  loose  coupling  is  always  employed  near  the 
&2  cross  section. 

The  above  ca  culated  values  of  mode  conversion  for  the  individual  taper 
discontinuities  appear  reasonable  when  compared  with  the  measured  results  ob¬ 
tained  with  four  taper  discontinuities  (Figures  2.4,  2.9). 
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The  above  calculations  show  that  the  taper  discontinuities  generate  predom¬ 
inantly  the  1^20  spurious  mode  for  all  values  of  the  grating  coupling,  and  that 
the  TE3Q  mode  is  of  the  order  of  13  db  below  the  TE2Q  mode.  Any  device  that  is 
employed  to  compensate  the  taper  discontinuities  must  have  similar  character¬ 
istics.  Figure  A2  shows  a  method  for  generating  predominantly  or  TE2Q 

modes  which  employsmetal  or  dielectric  wedges  on  the  side  walls  of  the  rectangular 
waveguide.  The  wedges  are  tapered  as  shown  in  order  to  minimize  back  scattering. 

In  Figure  A2a  identical  wedges,  either  metal  or  dielectric,  are  placed  on  the 
two  side  walls.  This  results  in  the  generation  of  only  the  TE^q  mode,  the  TE2Q 
mode  being  suppressed  by  symmetry.  One  can  also  argue  that  the  two  wedges  in 
Figure  A2a  generate  equal  TE^q  modes  which  add  constructively  in  phase  to  pro¬ 
duce  a  net  TE^q  mode  output.  On  the  other  hand,  each  of  the  two  wedges  generate 
equal  TE2g  modes  which  add  destructively  in  phase  to  produce  a  net  TE2Q  mode 
amplitude  equal  to  zero.  It  should  be  noted  that  the  TE2Q  and  TE^q  modes 
generated  by  each  of  the  wedges  is  approximately  90°  out  of  phase  with  the 
incident  TE^q  mode.  This  is  true,  provided  the  length  of  the  wedge  in  the 
axial  direction  is  a  small  fraction  of  a  beat  w  r/e length.  The  TE2Q  and  TE^q 
modes  lead  the  incident  TE^g  mode  by  90°  in  the  case  of  a  metal  wedge,  and  lag 
by  90°  in  the  case  of  a  dielectric  wedge. 

From  the  above  discussion  it  can  be  seen  that  it  should  be  possible  to  em¬ 
ploy  a  combination  of  a  metal  and  a  dielectric  wedge  as  shown  in  Figure  A2b  in 
order  to  generate  predominantly  a  TE2Q  mode.  Of  course  the  relative  sizes  of 
the  metal  and  dielectric  wedges  must  be  adjusted  to  obtain  exact  cancellation 
of  the  TE^q  mode  generated  by  the  two  wedges  in  combination.  Since  the  TE2Q 
mode  generated  by  the  wedges  is  approximately  90°  out  of  phase  with  respect  to 
the  incident  TE^q  mode,  it  can  be  r'’en  that  the  net  result  is  to  tilt  the  wavefront 
toward  the  dielectric  wedge.  This  is  what  is  required  in  order  to  reduce  the 

spurious  modes  generated  at  an  abrupt  change  in  the  angle  of  a  straight  taper. 
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Appendix  2 

Mode  Generating  Wedge 

Figure  A3  shows  the  dimensions  of  the  E-plane  wedge.  The  mode  conversion 
coefficient  between  the  TE,q  mode  and  the  TMjjj  composite  mode  can  be 

determined  by  assuming  that  the  wedge  Is  equivalent  to  a  short  E- plane  bend. 

In  this  case  equation  12  of  Reference  12  applies.  For  operation  far  above  cutoff 
this  becomes  (for  n  odd  only). 


k  z 


on 

For  even  values  of  n 

k  z  ! 


on 


_  4^v/2ba  . 
n^xRX 

,k  Is  zero, 
on 

»!2  0.6 

“2,  “2 

n  6]t  n 


a3 


For  b/X  *  2,  z/R  ■  1/6  there  results 

a4 


The  normalized  voltage  for  the  TM^j^  composite  mode  at  the  output 

of  the  wedge  can  be  calculated  approximately  by  assuming  that  this  mode  is  de¬ 
generate  with  the  TE,  ,  mode.  In  this  case, 

X  X* 


I  ■  sin  Rqj^z  "  sin  0.6  ■  0.565 
The  normalized  voltage  for  the  TEj^q  mode  is 


■  cos  k^^z  ■  cos  0.6  ■  0.8251 


01 


11 


"10 


tan  0.6  ■  0.0847  ■  -3.28  db 


The  measured  value  of  Ej^j^/Ej^q  was  approximately  -2  db  which  is  fair  agreement 
with  the  calculated  value.  Measured  values  of  the  TEj^2»  ^12  *^^13’  ^13 

composite  mode  voltages  were  of  the  order  of  -20  db  or  less  relative  to  the 
TEj^j,  mode. 
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Appendix  3 

CORRECTIONS  TO  PROGRESS  REPORT  NO.  1  OF  CONTRACT  AF30(602)-3682 

1.  In  Section  2.31  equation  2.92  should  have  the  following  form 


m  m 


2.  In  Section  2.42,  the  second  sentence  of  paragraph  2  should  be  uiodlfled  to 

read:  It  is  seen  that  the  large  fluctuations  In  coupling  obtained  with 
the  1.000"  spaclngs  are  not  obtained  with  the  C.600"  spacing,  except  at 
approximately  10  Gc  which  represents  the  mode  resonance. 

3.  In  Figure  2.4a  delete  a/d  =  2.800  and  add  d/X.  *»  0.7861. 

4.  In  Section  2.41,  the  first  sentence  of  paragraph  2  should  read:  Figures  2.17a, 
b,  c  and  d  show  the  results  obtained  with  30  holes  having  d  *•  1.000", 

t  ■  0.100",  w  «*  0.100"  and  a  =  2. GOO".  In  the  third  sentence  of  this 
paragraph  Figure  2.17  should  be  substituted  for  Figure  2.8. 

5.  In  Section  3.11  the  last  sentence  In  the  first  paragraph  (just  below 
equation  3.2)  should  read:  For  a  slot  on  each  side  wall  of  the  main  wave- 
guide  the  coupling  is  equal  to  V2  times  the  value  given  by  equation  (3). 
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(qp)  o'3/ 


8j0  8.a  8.4  8.6  8.8  9j0  9.2  9.4  9.6  9.8 

fIGHz) 

FIGURE  2.1  MEASURED  SPURIOUS  MODE  CONVERSION  FOR 
PAIR  OF  22"  VARIABLE  TAPERS. 


i 


fIGHz) 

FIGURE  2.2  MEASURED  SPURIOUS  MODE  CONVERSION  FOR 
VARIABLE  TAPERED  COUPLER  "PORT  3 


(qp)  °'3/ 


FIGURE  2.4  MEASURED  SPURIOUS  MODE  CONVERSION  FOR 
pair  of  STRAIGHT  TAPERS 
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FIGURE  2.6  MEASURED 
STRAIGHT 


I  9.0  9.2  9.4  9.6 

f{6Hz) 


IRIOUS  MODE  CONVERSION  FOR 

:heo  coupler -port  3 


A,o  (db) 


f(GH2) 

FIGURE  2.7  MEASURED  SPURIOUS  MODE  CONVERSION  FOR 
STRAIGHT  TAPERED  COUPLER  -  PORT  2. 
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FIGURE  2.10  MEASURED  SPURIOUS  MODE  CONVERSION  FOR 
STRAIGHT  TAPERED  COUPLER  -■  PORT  2. 


FIGURE  2.12  STRAIGHT  TAPERED  COUPLER  -  NO  COMPENSATION 


FIGURE  2.!3  COMPENSATION  OF  STRAIGHT  TAPERS  ALONE 


f(GHz)  7.0 


STRAIGHT  TAPERED  COUPLER  -  AS  COHPEHSATED  WITHOUT  COUPLING  HOL£S 


FIGURE  2.15  STRAIGHT  TAPERED  COUPLER  WITH  ALi.  WEDGE  COMPENSATION 


FIGURE  2.16  STRAIGHT  TAPER  COUPLER  WITH  WEDGE  ANO  CANTED  GUIDE  COMPENSATION 
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FIGURE  2.19  MEASURED  SPURIOUS  MODE  CONVERSION  FOR  STRAIGHT  TAPERED 
COUPLER  WITH  WEDGF  PLUS  CANTED  GUIDE  COMPENSATION  -  PORT  2. 


FIGURE  2.20  MEASURED  SPURIOUS  MODE  CONVERSION  FOR  STRAIGHT  TAPERED 
COUPLER  WITH  WEDGE  PLUS  CANTED  GUIDE  COMPENSATION  -  PORT  3. 
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FIGURE  3.1  EXPERIMENTAL  SETUP  FOR  MEASURING  TEjq  MODE  ABSORPTION. 


(qp)  OI3/OC3 


FIGURE  3.2  EFFECT  OF  MODE  ABSORBER  ON  TE-o  MODE. 


FIGURE  3.3  EFFECT  OF  MODE  ABSORBER  ON  TEgo  MODE. 


|qp)  013/0^3 
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FIGURE  3.4  EFFECT  OF  MODE  ABSORBER  ON  TE^q  MODE. 


FIGURE  3.5  EFFECT  OF  MODE  ABSORBER 


FIGURE  3.9  MEASURED  SPURIOUS  MODI  CONVERSION  FOR  SINGLE  7  TRANSITION 


RECTANGULAR  TO  HEXAGONAL 
WAVEGUIDE  TRANSITION 


MEASURED  SPURIOUS  MODE  CONVERSION  FOR  PAIR  OF  7  TRANSITIONS 


RECTANGULAR  TO  HEXAGONA 


FIGURE  3.12  MEASURED  SPURIOUS  MODE  CONVERSION  FOR  PAIR  OF  lO"  TRANSITIONS 


Figure  3.13.  Partial  Assembly  of  Slotted  Rectangular  Waveguide  and 
Absorbing  Loads. 


Figure  3.14.  Close-up  view  of  Slotted  Rectangular  Waveguide  and  Absorbing 
Loads. 


FIGURE  3.15  DIMENSIONS  OF  RESONANT  SLOTS 
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FI6URE  3.16  ABSORPTSON  OF  TEn  MODE  IK  OVERSIZED  RECTANGULAR  WAVEGUIDE  BY  RESONANT  SLOTS  -  25  SLOT  PAIRS 


N«|t|Mlti*AW^  IMIKlNMIlrtll  MIM 


^gure  3.19.  E-Flane  Wedffe  £oif  %)urtou6i  Mode  Ueneration. 


e  3.20.  Holey  Top  Wcdl  Waveguide  for  Field  Probing. 


FIGURE  3.21  RELATIVE  PROBE  VOLTAGE  -  MODE  ABSORBER  REMOVED 


FIGURE  3.22  RELATIVE  PROBE  VOLTAGE  -  MODE  ABSORBER  IN  PLACE  WITH  100  SLOTS  EXPOSED 


FIGURE  3.23  RELATIVE  PROBE  VOLTAGE  -  MODE  ABSORBER  IN  PLACE  WITH  50  SLOTS  EXPOSED 


HEXAGONAL  WAVEGUIDE 
MODE  ABSORBER 


FIGURE  3.24  MEASURED  ABSORPTION  OF  TE„/TMn  TOPWALL 
SPURIOUS  MODE  PAIR 
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COMPONENT  DIMENSIONS  FOR  MODE  ABSORBER  EXPERIMENTS 
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F 


I- - T - H 

(a)  INCIDENT  EVEN  MODE  IN  INPUT  WAVEGUIDE 


T 

02 


(c)  EVEN  MODES  IN  TAPER  REGION  -  TIGHT  COUPLING  CONDITIONS 


FIGURE  Al  EVEN  MOOES  IN  TAPERED  COUPLER 
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o~  short  phraasa  that  charactarlsa  a  ra^rt  and  may  ba  uaad  as' 
Indax  entilsa  for  cataloging  tha  report.  Key  words  arast  ba 
aalected  ao  that  no  aacurlty  cUisalfleatlon  la  raquirad.  Idanll- 
flara,  such  'aa  aquipment  modal  dealgnatlon,  trate  neats,  adUtary 
projact  coda  name,  geographic  location,  euy  ba  used  aa  key 
words  but  will  be  followed  to  on  indication  of  tdcbnlesl  ccn- 
taxt.  Tha  saalgnmant  of  llnlca,.rulaa,  and  waists  la  optional. 
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